The aim of this study was to investigate the use of microscopy in combination with image analysis (IA) measurements for the characterization of fish bone lacunae in aquafeedextracted material. For this purpose two experiments have been conducted. In experiment (exp.) 1, six samples of fish meal based aquafeed were analyzed by the microscopic method, according to Annex VI of Regulation 152/2009. Sediment fractions of each sample were observed with a compound microscope at X40. Two hundred and fifty eight bone fragment lacunae images were recorded and processed through IA software. Accordingly, on each lacuna 30 geometric variables have been obtained and measured. The geometric variables have been grouped in two main families, namely size descriptors and derived shape descriptors. In exp. 2 measurements obtained from 1081 bone lacunae (644 for mammals and 437 for poultry) acquired from 14 mammalian and 7 poultry samples have been merged with the aquafeed dataset (258 bone lacunae). Results obtained in exp. 1 indicated that nearly two thirds of the descriptors presented differences among the analyzed samples. Differences in observed values were not systematically distributed among the six samples. Nevertheless, in all analyzed samples features of lacunae have shown an overlap. By contrast the comparison of fish bone lacunae with avian and mammalian bone lacunae (exp. 2), has revealed a large gap between terrestrial and aquatic animals in the case of several descriptors (16 primary and 8 secondary descriptors). Therefore, it can be concluded that combining light microscopy and image analysis: (i) fish material in aquafeed appears quite homogenous in term of bone features; ii) fish material can be distinguished from avian and mammalian materials by selecting specific descriptors.
Introduction
The recent revision of the feed ban rules (European Commission, 2013b), which reauthorized from 1 June 2013 processed animal proteins (PAPs) from non-ruminants for use as feed or feed ingredient in aquaculture, is a new scenario in both animal nutrition and feed analysis. In fact, reintroducing non-ruminant PAPs in feed for aquaculture represents a big challenge for the feed sector, since old and new analytical and characterization requirements need to be addressed. In the EU only two methods are allowed within the frame of official controls for the detection of animal proteins in feed, namely light microscopy and polymerase chain reaction (PCR), which delivers information on the species origin of the detected PAPs (Regulation (EC) No 152/2009; Regulation (EU) No 51/2013). Both methods have been validated for proper implementation of the feed ban. Light microscopy in combination with computer image analysis (IA), which is based on the identification of bone particles or tissues in feedingstuffs, has been also proposed (Ottoboni et al., 2014; Pinotti et. al., 2013; van Raamsdonk et al., 2007) . Findings in these studies have indicated that the use of the microscopic method in association with computer image analysis to identify the origin of PAPs appears promising, especially as a complementary method to the DNA-based ones. Other methods are also applied by the feed sector, such as immunoassays and near-infrared microscopy (NIRM) (Tena et al.,2014) . In this respect, Tena and coworkers (2014) have recently investigated a near-infrared microscopy method using partial least squares discriminant analysis (PLS-DA) to differentiate between meat and bone meal and fishmeal. In this study the evaluation of the spectra confirmed the conclusions from former studies that demonstrated that the higher content of polyunsaturated fatty acids in fishmeal compared to meat and bone meal is an important factor for the differentiation of these groups. However, most of these methods developed and implemented for PAPs identification have been focused on the feed ban for terrestrial animal (Veys et al., 2014), and therefore fish meal characterization, especially in microscopy, was limited and mainly descriptive. In the literature (Makowski et al., 2011) it is reported that lacunae in fish bone fragments can be elliptical or elongated, whereas they can be oval to elliptical in terrestrial animals. With respect to fish material, herring and sardine have elliptical or elongated lacunae with clearly visible canaliculae, with irregularly shaped bone fragments (Makowski et al., 2011; van Raamsdonk et al., 2012) . Fish bones of cod and its relatives are normally parallel sided, and show nearly linear lacunae without visible canaliculae, orientated parallel to the sides of the bone fragment. However, several species of fish (e.g. tuna and salmon) have bone lacunae resembling those of land animals (van Raamsdonk et al., 2012) making difficult the discrimination from other animal classes. In light of this, it is important to implement methods of fishmeal characterization not only in the case of pure material, but also in practical conditions such as in aquafeed. This goal can be achieved in different ways, including the use of methods already developed and applied to terrestrial PAPs. Accordingly, the aim of this study was to investigate the use of microscopy in combination with image analysis measurements for the characterization of fish bone lacunae in aquafeed-extracted material.
Material and methods

Experiment 1
For this experiment, 6 samples of commercial compound fish feeds containing fish meal have been used. 
Microscopy and Image Analysis
For microscopy and image analysis, samples have been previously ground with mortar and pestle. Five grams of ground material were transferred into a separation funnel and treated with 50 ml of tetrachloroethylene in order to obtain the sediment. The total sediment of each sample was dried. If the sediment consisted of many large particles it was sieved in two fractions according to the official procedure (European Commission, 2013a). Subsequently several microscopic slides for each sample were prepared with the sediment fraction using Norland Optical adhesive 65 as embedding agent as reported in the official protocol for the detection of animal particles in compound feed (European Commission, 2013a). After drying each sample was observed using a compound microscope (Olympus BX41; Tokyo, Japan), at several magnifications. In order to guarantee a randomized image acquisition, at least 40 bone fragment lacunae images were randomly acquired at X40 in each sample without any preselection. Specifically, sediment material originating from extracted feeds have been used for preparing at several slides for each sample. Using a digital camera (Retiga 2000R, Fast 1394, QImaging) and image analysis software (Image-Pro Plus 7.0; Media Cybernetics Inc., Rockville, MD, USA), a total of 258 bone fragment lacunae images at X40, have been collected from the 6 samples. Images were acquired according to Pinotti et al. (2013) . After acquisition, each image was processed in order to obtain a monochrome mask for each lacuna, on which thirty geometric variables have been measured (Pinotti et al., 2013) . All lacunae measurements were collected in Excel files and used for dataset assembly.According to Ottoboni et al. (2014) geometric variables have been grouped in two groups, namely: size descriptors and derived shape descriptors. The size descriptors, also termed as dimension (primary) descriptors, represent direct measurements on bone lacunae. By contrast, the derived shape parameters are constructed by combining the various size parameters so that the dimension units are cancelled out (Neal and Russ, 2012) . Both groups of descriptors are listed in table 1 and 2.
Tables 1 and 2
Experiment 2
In this experiment results obtained in experiment 1 (fish bone lacunae present in commercial aquafeed materials) have been merged with data obtained from poultry and mammalian authentic samples, used in Pinotti et al., 2013. Specifically, measurements obtained from 1081 bone lacunae (644 for mammals and 437 for poultry), acquired from 14 mammalian and 7 poultry samples have been merged with the aquafeed dataset (258 bone lacunae).
Statistical analysis
In experiment 1, lacunae measurements for aquafeed samples 1 to 6 were analyzed using one-way analysis of variance (one-way ANOVA) in order to compare means of the 6 samples (GLM procedure of SAS statistical software 9.3). The analysis has been performed using the following model:
Where yij are the observations (measurements), µj is the mean of the observations for the j th group (sample) and ij represents the within-sample random variability. Differences with P values <0.001 were considered significant. Furthermore, in order to compare the size of lacunae and evaluate the overlap of the six within-sample distributions, boxplots of these distributions were examined. Accordingly, the BOXPLOT procedure (PROCBOXPLOT) was performed in order to display the mean, median, quartiles, minimum and maximum observations and outliers for each single sample. Data points whose distances from the interquartile range was greater than 1.5 times the size of the interquartile range were considered outliers and plotted separately.
In experiment 2, data obtained from fish material (258 lacunae) in aquafeed were compared with poultry and mammalian lacunae (644 for mammals and 437 for poultry) using the morphometric descriptors reported in Pinotti et al. (2013) . The analysis has been performed following the same model used in experiment 1, where yij are the observations (measurements), µj is the mean of the observations for the j th group (animal class) and ij represents the random variability between measurements in the same animal class. Differences with P values <0.001 were considered significant. As in experiment 1 the BOXPLOT procedure (PROCBOXPLOT procedure of SAS statistical software 9.3) was also performed.
Results
Experiment 1
Chemical compositions of the compound fish feeds used in the present experiment were homogenous in term of nutrient contents (data not shown).
The results obtained combining the microscopic method and image analysis for fish material characterization are reported in tables 3 and 4. Of the 21 primary descriptors reported, 8 did not show any difference between samples. Specifically, Diameter mean, Radius max, Radius min, perimeter (different types) and Area polygon were comparable among the 6 samples. In the case of the other 13 descriptors of the same group, some significant (P<0.001) differences between samples have been observed. When shape descriptors were considered, the situation did not change. All shape descriptors related to radius and diameter were not significant, while Aspect, Area/Box, Box X/Y, Perimeter ratio and Roundness2 were different (P<0.001) among samples. Significant differences in observed values however, were not consistently distributed across different descriptors. Although there are some significant differences between means, the boxplots for all the variables showed very substantial overlaps between the distributions of measurements in the six samples. The boxplots for Axis major and Form factor presented in figures 1A and 1B are typical examples. Tables 3 and 4 Figures 1A and 1B
Experiment 2
Comparisons between fish, mammalian and poultry materials are presented in figures 2 and 3. For 17 of the 21 primary descriptors reported, there were significant differences in mean between fish and each of the terrestrial materials. Axis minor and Diameter mean did not differ significantly between fish and poultry materials; area and Area polygon did not differ significantly between fish and mammalian materials (Figure 2 ). Considering the shape descriptors, 8 of the 9 descriptors were significantly different in mean in the fish material compared with poultry and mammals ( Figure 3) ; the only exception was the shape descriptor Box X/Y whose mean did not differ significantly from those of either of the other materials.
Figures 2 and 3.
An analysis of the box plots showed overlap of distributions for some descriptors but good separation for others. When fish material was compared to mammalian and poultry materials, a substantial overlap of the distributions of the measurements was observed in the case of eleven morphometric descriptors. These were Area, Box X/Y, Axis minor, Diameter minor, Diameter mean, Radius minor, Size width, Area polygon, Feret minor and Convex area among the primary descriptors, and Perimeter ratio among the secondary ones. By contrast, in the case of the other nineteen descriptors very little overlap was observed. In more detail, among primary descriptors fish material showed very little overlap with land animal material for the following descriptors: Aspect, Area/Box, Axis major, Diameter max, Radius max, Perimeter, Size length, Perimeter2, Perimeter convex and Perimeter ellipse, Feret max, Feret mean. In the case of secondary descriptors, all except Perimeter ratio showed very little overlap between fish material and land animal materials. Specific examples are presented in figures 4A, 4B, 4C and 4D.
Figures 4A, 4B, 4C and 4D .
Discussion
As expected, aquafeed composition was quite homogeneous among the 6 samples considered in the present experiment. Although 18 of the 30 descriptors measured on fish lacunae showed significant differences in mean between the 6 samples (tables 3-4), the box plot analysis has shown a substantial overlap between the 6 within-sample distributions for compound fish feeds analyzed in experiment 1. These findings may be linked to the homogeneity of the fishmeal used in aquafeed formulation (Ayadi et al., 2012) . Indeed, fishmeal used in aquafeed production principally derives from pelagic fishing which is further treated in order to obtain few standardized meals for the market. In addition, most fishmeal comes from a few big producers, using fish coming from three macro regions, namely Latin America (Peru and Chile), Scandinavia (Denmark and Norway) and Iceland (FAO Globefish, 2014). This scenario may contribute to the homogeneous nature of fish meals used in compound formulation, alhough this is somewhat speculative . Aquaculture feeds are made with small pelagic forage fish, in part to produce farmed fish with levels of omega-3 long chain polyunsaturated fatty acids that are equivalent to those of their wild counterparts (Tacon and Metian, 2008) . These forage fish come from a global supply that is expected to remain static or decrease over time (Tacon and Metian, 2008; Deutsch et al., 2007) , while its features (in term of fish bone lacunae) seem to be quite stable. A different scenario can be represented by fisheries by-products from salmon. Van Raamsdonk and coworkers (2012) observed that, this fish species shows sometimes an appearance that looks like that of land animals. Specifically Salmon fragments show irregular oval lacunae and canaliculae might not be visible. Our research group (unpublished results) has also observed these features. A further result obtained in the present experiment is a detailed characterization of fish material in aquafeed. Observed values for some specific descriptors such us those related to axis, length and size, diameter, and feret have indicated that fish bone lacunae in the analyzed samples were characterized by a very large length-width ratio. In the same way, Roundness 2, which is a derived shape descriptor, calculated combining area and Axis major, provides a further indication about fish material features. The overall mean of the shape descriptor Roundness 2 in the fish samples was close to zero (i.e. 0.13), whereas in the case of avian and mammalian material the absolute values were more than twice (0.28, and 0.36 in avian and mammalian, respectively). Roundness 2 has a value of 1.00 for an ideal circle or a "circle like" shape. By contrast smaller values indicate a greater departure from this ideal (Neal and Russ, 2012) . Thus, the very low values observed in the present experiment in all the analyzed samples indicate elongated lacunae (high Axis major-Axis minor ratio), although a contribution from extended perimeters in fish lacunae cannot be excluded (see below). These findings imply a flattened elongated to oblong shape for fish lacunae. This is in line with other authors (Gizzi et al., 2003; van Raamsdonk et al., 2012) who have described fish bone lacunae as elongated with a clear fusiform net of canaliculae, although in several species lacunae are linear without visible canaliculae. In this respect, IA seems to support the narrative shape description of fish bone lacunae in the literature. One more interesting shape descriptor for fish lacunae is represented by Form factor. The overall mean of Form factor in the fish samples is 0.18. Form factor is a shape descriptor based on measurements of area and perimeter; briefly, in shapes having identical areas the value of Form factor decreases as the apparent irregularity of the boundary and depth of indentations (and the length of the perimeter) increases. In this sense, fish bone lacunae seem to be star-shaped. Moreover, this numerical evidence is probably due to the presence of a fusiform net of canaliculae confirming the narrative description reported by Gizzi et al. (2003) . Therefore combining these two shape descriptors it can be concluded that the fish bone lacunae analyzed in the present experiment, appeared elongated and/or star-shaped ( Figure 6 ).
With regard to experiment 2, for the "length" descriptors (Axis major, Diameter max, Radius max, Size length, Box height, Feret max), values in fish were twice as big compared to terrestrials indicating that bone lacunae are significantly longer in fish than in terrestrial animals material. Moreover, boxplot analysis indicated that the distributions of these size descriptors in fish had very little overlap with those from the terrestrial animals, suggesting these specific descriptors as valid markers for fish and terrestrial particle identification/discrimination. Moving to shape descriptors, for several of them (Aspect, Radius ratio, Roundness, Form factor and Roundeness2) a large gap between fish and mammalian and avian material has been observed. For instance, both Radius ratio and Roundness 2 indicated that fish bone lacunae are more elongated than in terrestrial (mammalian and poultry) lacunae, which are oval to elliptical. Considering the descriptor formfactor, a big distance was observed between values recorded in fish and in land animal material. This suggests that the shape descriptors like Radius ratio, Formfactor and Roundness2 could represent valid markers for fish material identification.
Conclusions
This study has investigated the use of microscopy in combination with image analysis measurements for the characterization of fish bone lacunae in aquafeed-extracted material. The fish material isolated and analyzed from commercial aquafeed (experiment 1) was quite homogenous in term of bone lacunae features; several descriptors can provide specific indications of fish bone lacunae shape. Both size and shape descriptors indicate that fish bone lacunae are elongated confirming narrative description reported in literature. The comparison with avian and mammalian materials (experiment 2) showed that fish meals can be efficiently distinguished from terrestrial materials by selecting specific descriptors, namely Radius ratio, Form factor and Roundness2 . Nevertheless, a larger dataset will be needed for an exhaustive evaluation. Area of a polygon which has major axis and minor Axis for sides 
